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To date, many high-performance thermoelectric (TE) materials for power generation have been 
studied and reported. However, so far they have not been implemented in reliable commercial 
devices. To bring current achievements into a device for power generation, a full understanding 
the dynamic behavior of thermoelectric materials under operating conditions is needed. In this 
work, an in operando study is conducted on the high-performance TE material β-Zn4Sb3 under 
large temperature gradient and thermal cycling by a new approach using in-situ transmission 
electron microscopy combined with characterization of the TE properties. We found that after 
30 thermal cycles in a low-pressure helium atmosphere the TE performance of β-Zn4Sb3 is 
maintained with the zT value of 1.4 at 718 K. Nevertheless, under a temperature gradient of 380 
K (Thot = 673 K and Tcold = 293 K) operating for only 30 hours, zinc whiskers gradually 
precipitate on the cold side of the β-Zn4Sb3 leg. The dynamical evolution of Zn in the matrix of 
β-Zn4Sb3 was found to be the source that leads to a high zT value by lowering of the thermal 
conductivity and electrical resistivity, but it is also the failure mechanism for the leg under these 
conditions. The in operando study brings deep insight into the dynamic behavior of 
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nanostructured TE materials for tailoring future TE materials and devices with higher efficiency 
and longer durability. 
 
1. Introduction 
Thermoelectric power generators (TEGs) can recuperate waste heat by directly converting it 
into electricity. Due to their advantages, i.e. no moving part, no emission, and limited 
maintenance, TEGs have gained much attention as one of the most promising renewable energy 
technologies [1]. To obtain a high conversion efficiency, the materials used to construct a TEG 
must possess a high value of the dimensionless figure-of-merit, zT, (z = ασ/(e+L), where α, σ, 
e, and L are the Seebeck coefficient, the electrical conductivity, and the electronic and the 
lattice components of thermal conductivity, respectively). Hence, to improve the TE 
performance, an effective approach is to reduce the thermal conductivity without deteriorating 
the electrical conductivity through e.g. nanostructuring or forming a complex structure. In this 
context, the “‘phonon-glass, electron-crystal” (PGEC) concept proposed by Glen Slack in 1995 
[2] has been applied as the key approach to improve the performance of TE materials. In such 
PGEC “like” materials, the structure allows charge carriers to “pass” the crystal while heat 
transfer is blocked as in a glass.   
The development of TE materials has made an impressive progress [1,3,4] with the high values                    
of zT achieved in many materials such as zT = 2.6 at 923 K for tin selenide [5], zT = 1.5 at 1200 
K for half Heusler alloy [6], zT = 1.8 at 823 K for filled Skutterudites [7], zT = 2.2 at 915 K [8], 
and polycrystalline PbTe, zT = 1.5 at 1000 K for Cu2Se [9]. Among the high-performance PGEC 
materials with a zT above 1 at a moderate temperature range (400–750 K), the Zn4Sb3 
compound has gained special attention due to its low cost, abundant elements, and 
environmentally friendly processing [1,10–12]. 
Zn4Sb3 with precise formula composition of Zn13Sb10 has a hexagonal rhombohedral crystal 
structure in space group 𝑅3̅𝑐 [1,13,14]. In this structure, there are 18 Sb3- and 12 Sb2- ions per unit 
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cell and a total of 78 negative charges. To balance the electric charge, 39 Zn2+ are required, but 
only 36 sites are available. Therefore, 3 interstitial sites are filled to accommodate the zinc ions 
[1,15]. The interest in TE Zn4Sb3 has gained a momentum since the discovery of high zT value of 
1.3 at 670 K was obtained by Caillat et al. in 1996 [11]. This high zT value resulted from an 
extraordinary low thermal conductivity, which is explained by the concept of PGEC [1,2]. The 
existence of interstitial Zn atoms and the local structure distortion are attributed to be the main 
reason for this extraordinary phenomenon [16–19]. Over the years, extended studies have been 
carried out to improve zT value by various methods including doping/substituting, nano-
inclusions, and nanostruturing [20].  
Besides increasing the zT, many studies have also been conducted to investigate the thermal 
stability of this material [11,21–26]. Caillat et al. have shown that TE properties of Zn4Sb3 are 
stable up to 670 K under argon and static vacuum, but unstable in the dynamic vacuum due to 
the evaporation of Sb at temperatures higher than 543 K resulting in an increased electrical 
resistivity[11]. Mozharivskyj et al.[14] have observed that the Seebeck coefficient increased at an 
elevated temperature in a dynamic vacuum (10-7 Torr) due to Zn sublimation. The study 
revealed that Zn sublimates owing to the following two reactions: 
(1) In the temperature range of 473-623 K: Zn6-Sb5 → Zn6--xSb5 + xZn  
(2) Above 623 K: Zn6--xSb5 → 5Sb + (6--x)Zn 
Here, Zn6-Sb5 is the (assumed) X-ray formula of Zn4Sb3 
[13,14]. The decomposition of the 
Zn4Sb3 phase has been studied quantitatively using synchrotron powder X-ray diffraction 
(PXRD) [22–26] as well as by extensive evaluation of physical properties [27,28]. Attempts have 
also been made to substitute the Zn-sites with various elements such as Mg [22], Cd [23,24,29], and 
Pb[25]. The results showed that these doped samples are more stable than the non-doped sample 
under thermal cycling and during heat treatment. With the purpose of blocking the Zn diffusion 
inside Zn4Sb3, nano-sized ZnO and TiO2 ceramic inclusions have also been investigated 
[26]. 
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The TiO2 nanocomposite sample showed significant improvement in thermal stability by 
retaining 98.8 wt% of the original phase after heating to 625 K, compared with 42 wt% 
degradation in the pure sample [26]. Although remarkable results have been obtained both 
respect to the TE performance and the thermal stability at high temperatures, there is virtually 
no report on the practical use of Zn4Sb3 in TEGs, and the reason for this is still unknown. In 
addition, all previous study was only carried out using indirect experiment e.g. TE properties 
or in-situ powder X-ray diffraction in certain temperature or small (less than 10 K for Seebeck 
measurement) temperature gradient conditions [11,21–26]. In fact, pressed pellet TE element 
operates under conditions of power generating and large temperature gradients in TEG. 
Therefore, a new method is needed to develop to understanding the dynamic behavior of TE 
materials under operating conditions.  
In our work, the operando study of Mg-doped β-Zn4Sb3 system under mimicking device 
condition is carried out using an advanced output power generation characteristics coupled with 
in-situ transmission electron microscopy (TEM). Mg doped β-Zn4Sb3 is known to have superior 
properties to undoped sample [22] and the present samples were developed with the aim of 
potential implementation in a commercial TEG. The TE properties were measured under 
conventional thermal cycling in helium atmosphere between room temperature and 718 K, 
while the power generating characteristics of the leg were investigated in an Argon atmosphere 
for an extended period of time under TEG working condition with hot and cold sides at 673 K 
and 293 K, respectively. The evolution of the microstructure was captured by in-situ TEM as 
temperature increased from 300 K up to 573 K. The crystalline structure was then determined 
from selected area diffraction (SAD) in connection with the high-resolution observation of 
atomic scale particle morphologies in the different temperature ranges to monitor the changes 
in the β-Zn4Sb3 sample. 
2. Results  
2.1. Thermoelectric properties of β-Zn4Sb3 under thermal cycling 
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Figure 1 shows the TE properties of doped Zn3.96Mg0.04Sb3 (β-Zn4Sb3) between 300 K and 718 
K up to 30 thermal cycles in 0.1 MPa He gas. As seen in Figure 1, the electrical resistivity as 
a function of temperature exhibits a bell-shaped curve, which indicates a metallic conducting 
behavior in the temperature range from 300 K to 520 K and a semiconducting behavior in the 
temperature range of 520 K and 718 K both on heating and cooling. Interestingly, the electrical 
resistivity curve measured on heating and cooling exhibits a hysteresis loop in the temperature 
region of 450 and 650 K, where the value of the electrical resistivity is higher for the cooling 
curve than for the heating curve (Fig. 1a). In addition, in the vicinity of 520 K the change of the 
electrical resistivity curve is rather sharp and may be associated with a phase transition (this 
will be discussed in detail later in the discussion part). 
 
 
Figure 1 Thermal cycling measurement of the temperature dependence of: a) electrical resistivity, b) 
Seebeck coefficient, c) thermal conductivity and d) figure-of-merit. 
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The Seebeck coefficient has a positive value over the whole measured temperature range, 
indicating p-type behaviour of the sample, and the magnitude increases with increasing 
temperature from 120 µV/K at room temperature to a maximum of 185 µV/K at 500 K. During 
thermal cycling, the Seebeck coefficient appears to be relatively stable and the data scatter 
within the 8% uncertainty[30]. The change in power factor (α2σ), which is the combination of 
the electrical conductivity and the Seebeck coefficient, is minor after the 30th thermal cycle 
indicating high reproducibility and stability during the measurements (see Figure S1 supporting 
information). Fig. 1c shows the total measured thermal conductivity (total) as a function of 
temperature taken on the 1st and 30th thermal cycles. The total thermal conductivity, total = 
electronic + lattice was calculated from the measurement of thermal diffusivity, , the heat capacity, 
Cp, and the density, D, by using the formula: total = D× ×Cp, while electronic was calculated 
using the Wiedemann-Franz relation. The Lorenz number can be calculated using the equation 
proposed by Kim et al.[31] L = 1.5 + exp[-/116], which is more appropriate for thermoelectric 
materials. It is clear from Fig. 1c that the total thermal conductivity decreases sharply in the 
temperature range from 300 K to 520 K, and then it tends to saturate in the temperature range 
between 520 K and 718 K. The lattice thermal conductivity (lattice) and the electronic thermal 
conductivity (electronic) as a function of temperature are also plotted in Fig. 1c. In the 
temperature range between 300 K to 500 K, the thermal conductivity lattice component rapidly 
decreases while the electronic component is almost unchanged in the low-temperature range 
and slightly increases at elevated temperature. Fig.1d shows the material figure of merit, zT, as 
a function of temperature at the 1st and 30th thermal cycles. The zT values increase with 
increasing temperature from 0.2 at room temperature to 1.4 at 718 K. These zT values are among 
the highest values reported so far on Zn-Sb based materials [11,24]. Since the doping amount of 
Mg on Zn-sites is very small, the TE properties are slightly changed as compared with the pristine 
β-Zn4Sb3 
[11]. However, it was reported that the Mg-doped sample is more stable than the un-doped 
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one [22]. These results revealed that the TE performance of β-Zn4Sb3 is maintained under thermal 
cycling in a helium atmosphere.  
2.2. Dynamic behavior of β-Zn4Sb3 under large temperature gradient 
In practical application, a TEG must be subjected to a large temperature gradient, which is 
maintained between a heat source and a heat sink. Under such conditions, the dynamic behavior 
of the materials plays a crucial role in the performance and the stability of TEG. In these 
investigations, β-Zn4Sb3 legs were tested under a large temperature gradient for a long period 
of time, while acquiring the current and voltage characteristics [32]. 
Figure 2 shows SEM images of a β-Zn4Sb3 leg 0 h and after 30 h subjecting the sample to large 
temperature gradient of 380 K created between 673 K and 293 K for 30 h. From this figure it is 
clearly seen that zinc whiskers (green color) grew on the cold side surface of the leg (Fig. 2b2). 
The general observations are that the Zn whisker concentration is much larger on the cold side 
than the hot side of the leg, the mechanism of whisker will be presented in discussion section. 
Within the legs (Fig. 2c-d), we found clear channels of pure Zn metal, which were confirmed 
by X-ray energy dispersive spectroscopy (EDS) analysis.  
 
Figure 2. SEM micrographs of β-Zn4Sb3 leg 0 h (a) and after 30 h applying the large temperature 
gradient of 380 K with the hot side at 673 K and the cold side at 293 K (b-d). 
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2.3. Microstructure evolution 
To understand the primary factors acting on the high-performance TE β-Zn4Sb3 material as well 
as its stability, in-situ transmission electron microscopy (TEM) investigation was carried out. 
Figure 3a-d presents a series of in-situ TEM micrographs showing the microstructure evolution 
in the β-Zn4Sb3. As temperature increases from 373 K to 573 K, nano-sized particles appears 
(Fig. 3a-d), and their concentration and size increase with increasing temperature (Fig. 3b1-d1). 
The average size of these nanoparticles is increasing from 12 nm at 373 K to 32 nm at 573 K. 
Previous studies identified these “nanoparticles” as nanoinclusions [17,26,33], and further analysis 
shown later in this work also identify such nanoinclusions as a nanoprecipitated phase on the 
matrix of primary structure. 
 
Figure 3 In-situ TEM study of microstructural evolution in β-Zn4Sb3 sample: (a-d) BF-TEM images 
recorded at various temperatures, (a1-d1) magnified BF-TEM images from selected area on the 
specimen for better visibility of nanostructural evolution. 
Figure 4 shows selected-area electron diffraction (SAD) patterns at 300 K and 573 K. A well-
defined spot pattern of the single phase rhombohedral structure is visible in the sample at 300 
K with the lattice constants of a = b = 1.230 nm and c = 1.248 nm (details of this structure are 
presented in supporting information, Fig. S2 and Fig. S3). 
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Figure 4 SAD patterns obtained from BF-images in the in-situ heating experiment (Fig. 3): (a) SAD 
pattern at 300 K, (b) SAD pattern at 573 K and (c) ring pattern in (b) fitted with theoretical ring pattern 
of the standard structure. 
 
Indexing the ring pattern [34] in Fig. 4c reveals a trigonal/hexagonal unit cell of the secondary 
phase (space group cR3 ) with lattice constants of a = 1.235 nm, b = 0.775 nm, c = 1.251 nm 
(about 4% uncertainty). This result suggests that structure of the secondary phase is distorted 
from the primary rhombohedral structure.  
To identify the composition of these nanoinclusions, elemental mapping was conducted using 
high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 
imaging and EDS mapping and the results are shown in Fig. 5. 
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Figure 5 (a) HAADF-STEM image of the β-Zn4Sb3 at 573 K showing two nano-precipitated dots formed 
in the primary phase, (c-d) EDS elemental maps of Zn, Sb and Mg obtained from a marked area in the 
HAADF image. 
Enrichment of Zn and Mg in the nanoinclusions phase grown in the β-Zn4Sb3 matrix at high 
temperature can be clearly observed from the EDS elemental maps (Fig. 5b-d) where a stronger 
contrast of Zn and Mg is observed in the map. Higher concentration of Zn and Mg in the 
nanoinclusion regions causes a darker contrast as visibly seen the STEM-HAADF image (Fig. 
5a). In contrast, the concentration of Sb seems almost unchanged from the matrix of the primary 
phase to the precipitated phase.  
3. Discussions 
The bell-shaped behavior in the electrical resistivity as a function of temperature on heating and 
cooling could be associated with the inverse solubility of Zn from the main β-Zn4Sb3 matrix 
into the Zn-rich phase nanoparticle. According to calculations in Ref. [35], the precipitation and 
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the reabsorption of Zn will occur when the β-Zn4Sb3 sample is heated up from 300 K to 718 K. 
In the first process, as the temperature increases from 300 K to 520 K interstitial Zn starts to 
migrate and precipitate forming various secondary-phase nanoinclusions (showing a ring 
pattern in Fig. 4b) leading to an increase in the electrical resistivity. As the temperature 
increases above 520 K, the Zn precipitation becomes saturated, and reabsorption of Zn back to 
the matrix starts occurring. The electrical resistivity thereby starts decreasing with further 
increasing temperature. During cooling, due to thermodynamic equilibrium similar absorption 
and precipitation also occur [35]. Together with the structural analysis (Fig. 4), it can be 
concluded that the migration of Zn has caused a structure distortion resulting in the sharp 
change of the electrical resistivity curve (Fig. 1a). This could also be the reason on cooling the 
electrical resistivity has shown the hysteresis loop in the temperature region of 450 and 650 K, 
as shown in Fig. 1a.   
As shown in Figure 1d, the high zT value of the β-Zn4Sb3 sample is mainly due to the low 
thermal conductivity and the low electrical resistivity. The source of these effects can be 
clarified from the formation of the sample microstructure. Firstly, the microstructural evolution 
can explain the origin of the extremely low thermal conductivity owing to the formation of Zn-
rich nano-sized particles in the main matrix at an elevated temperature which strongly 
suppresses the lattice thermal conductivity component, as shown in Fig. 1c. The reduction in 
the thermal conductivity seems to be proportional to the concentration of Zn-rich 
nanoinclusions in the temperature range of 300 K and 520 K. Secondly, TEM observation at 
room temperature (in Figure S2b supporting information) shows contrast (dark fringes) of misfit 
dislocations in the sample which could be further reason for the reduction of the thermal 
conductivity (Fig. 1c). The existence of misfit dislocations in Zn-Sb alloys seems to be an 
intrinsic property resulting from the high mobility and non-stoichiometry of Zn atoms acting as 
self-insertions[36]. A high density of misfit dislocation was found previously to play a major role 
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in the reduction of the thermal conductivity due to intrinsic phonon scattering [36,37]. In addition, 
it allows a path for the charge carriers to transport with a low resistance. Thus, the low thermal 
conductivity and low electrical resistivity combine with the high Seebeck coefficient have led 
to achieve the high zT value of 1.4 at 718 K for the β-Zn4Sb3 sample, as clearly shown in Fig. 
1d.  
It should be noted that the formation of a nanostructured secondary phase during heating in 
the β-Zn4Sb3 alloys has been previously suggested due to the decomposition [21–26,38]. However, 
our in-situ TEM observation and structural analysis revealed that there is no decomposition 
process occurring over the whole investigated temperature region from 300 K to 718 K. On the 
other hand, by looking closer to the secondary phase shown in magnified BF TEM images in 
Fig. 3d1 and in HRTEM images (in Figure S4, supporting information), the grain boundary 
between the primary and the secondary phase is very difficult to be identified. The lattice 
constants of the secondary phase indicate that the secondary phase is distorted from the mother 
phase of the matrix due to symmetry breaking [39] rather than a separate granular phase. This 
suggests that the precipitation of the secondary nanoinclusion phase is caused by the migration 
Zn and Mg atoms into the misfit dislocations. Such a phase distortion by the migration of Zn 
into misfit dislocations was also observed in some Zn alloys including Zn-Sb system [40–43].  
When the β-Zn4Sb3 leg is placed under a large temperature gradient, those mobile Zn from 
the nano-precipitated Zn-rich phase will precipitate on the cold side of the leg[35]. When 
operating under large temperature gradient for an extended period of time (e.g. 30 h), Zn 
whiskers keep growing towards the surface of the sample (Fig. 2b) and as a result continuous 
Zn micro-channels are formed inside the leg (Fig. 2c). On the cold side of the leg, due to a 
higher cooling power the precipitation is highly expedited, and as a consequence, the whiskers 
tend to grow faster, as clearly seen in Fig. 2b. The precipitation of Zn from β-Zn4Sb3 results in 
a change in the volume of the sample leading to sample cracking, and in some cases, the effect 
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even leads to breaking of the glass ampoule [35]. As the Zn whiskers continuously grow and 
cracks in the sample occur, the open circuit voltage unremittingly increases during the 30h test 
(see Figure S5b). Therefore, in order to use β-Zn4Sb3 in a practical TEG application the 
migration/precipitation of Zn interstitial site should be isolated by e.g. making a core-shell or 
layer by layer in functionally graded material structures where each single core or a single layer 
of β-Zn4Sb3 is worked under a small temperature gradient. 
 3. Conclusion 
We have investigated the high-performance thermoelectric Zn3.96Mg0.04Sb3 under large 
temperature gradients and thermal cycling in a helium atmosphere. The results have confirmed 
that the zT values are maintained with a maximum value up to 1.4 at 718 K after 30 thermal 
cycles. The origin of the extremely low thermal conductivity was found to be due to the 
formation of Zn-rich nanoparticles in the matrix, and the concentration of nano-inclusions 
increased with increasing heating temperature as clearly observed by in-situ TEM analysis. 
However, under the temperature gradient of 380 K for 30 hours, gradual precipitation of zinc 
whiskers on the cold side of the β-Zn4Sb3 leg was observed. The microstructural evolution 
observed by in-situ TEM has revealed the migration of Zn, which is the main driving force for 
the dynamic behavior of Zn3.96Mg0.04Sb3 under thermal cycling and large temperature gradient. 
In-situ TEM analysis also pointed out that there is no decomposition of the Zn3.96Mg0.04Sb3 
sample in the temperature range of 300 K to 573 K. These findings provide a deep 
understanding the dynamic behavior of β-Zn4Sb3. The operando study method in present studies 
also provides a useful tool to understand and develop future high performance and stable TE 
materials and devices.  
 4. Experimental Section 
Sample Fabrication:  
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99.99% zinc shots, 99.5% antimony powder, and 99% Mg shots were weighed according to the 
stoichiometry of Zn3.96Mg0.04Sb3 and sealed in quartz ampoule after evacuation to 10
-4 Pa and 
flushing Argon gas for at least three times. The ampoules were placed horizontally in a tube 
furnace and heated to 973 K with a heating rate of 400 K/h under continuous rotation, which 
helps homogenizing the melt. The samples were held at this temperature for 2 h before 
quenching with ice water. The resulting polycrystalline solids were ground and sieved (<45 
m). The powder was then compacted by Spark Plasma Sintering (SPS) into half-inch disks 
with a thickness of ~3 mm. 
Seebeck Coefficient and Resistivity Measurements:  
The Seebeck coefficient and the electrical resistivity were simultaneously performed using the 
commercial equipment Ulvac-Riko Zem-3 from room temperature up to 718 K under helium 
pressure of 0.1 Bar. The thermal conductivity () was calculated from the measured thermal 
diffusivity (), the mass density (), and the specific heat capacity (Cp) in relation to the equation 
 = ×D×Cp. The thermal diffusivity was acquired by the laser flash method (Netzsch LFA-457, 
Germany), the mass densities of the samples were measured by Archimedes’ method using 
water with surfactant, and the specific heat capacity was obtained by using a differential 
scanning calorimeter (Netzsch DSC 404C, Germany). 
Large temperature gradient characterization:  
The measurement of power generation characteristics of the single β-Zn4Sb3 leg was performed 
in air using an in-house Rig-test system. The voltage of the leg was directly measured while the 
electric current was calculated from the dropped voltage on the shunt resistance with the 
external electrical load. The control software system is based on Apache web server software 
(Open Source Software, OSS) and allows flexibility with regard to the type gas control, cycling, 
long-term stability tests, etc. In order to define an accurate temperature difference across the 
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leg, 0.5mm N-type thermocouple was directly inserted inside the Ag electrodes in the vicinity 
of the top part of the leg. The thermocouple at the hot side was also used for setting up the PID 
of the heater controller. The detail of the experimental set up may be seen elsewhere [32,44]. 
Electron Microscopy Analyses: 
The microstructure of the thermoelectric legs before and after test under large temperature 
gradient was observed by scanning electron microscope (SEM) TM3000. 
Microstructure and crystal structure of the material were studied by means of transmission 
electron microscopy (TEM) and selected area electron diffraction (SAD) in TEM combined 
with in-situ heating experiment using a Jeol JEM 3000F equipped with a field emission gun 
(FEG) operating at an accelerated voltage of 300 kV, and a FEI Tecnai F30 (300 kV, FEG) 
equipped with high angle annular dark field (HAADF) dectector and silicon drift detector 
(SDD) for X-ray energy dispersive spectroscopy (EDS). TEM specimens were prepared by Ar 
ion milling, and in-situ heating experiment in TEM was performed on a Gatan heating holder. 
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